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TECHNICAL NOTE NO. 1702

ANALYTICAL AND EXPERIMENTAL, PERFORMANCE OF AN
EXPLOSION-CYCLE COMBUSTION CHAMBER FOR
A JET-PROPULSION ERGINE

By Morris A. Zipkin and George W. Lewls, Jr.

SUMMARY

The results of analytical and experimental investigations of
the performance of an explosion-cycle combustion chamber are pre-
sented. Calculated and experimentally determined explosion-pressure
ratios obtained in a combustion chamber with a timed inlet valve
end several fixed-area exhaust nozzles are presented over a range
of fuel-alr ratios. The effects on explosion-pressure ratio of
variations in cycle frequency and inlet pressure are investigated.
Calculated and experimental values of jet thrust and thrust specific
fuel consumption obtained from this combustion chamber are also
included.

It was found that for the configuration investigated, the com-
bustion time varied from 0.003 to 0.009 second with values in the
region of 0,006 being most predominant. Calculated explosion-
pressure ratios and Jet thrust based on a combustion time of
0.006 second indicated that explosion-pressure ratio would range
from 1.7 to 5.0 and Jet thrust from 15 to 40 poumds per pound of
alir per second, depending on the fuel-air ratio and the ratio of
exhaust-nozzle area to combustion-chamber cross-sectional area
with maximum values occurring at approximately stoichliometric fuel-
alr ratio. Maximum experimental values of explosion-pressure ratio
and Jjet thrust, approximately 2.9 and 35 pounds per pound of air
per second, respectively, ocourred at an over-all fuel-air ratio of
about 0.04., Lower values of explosion-pressure ratio and thrust
per pound of air were obtalned for fuel-air ratios richer or leaner
than approximately 0.04. The calculations indicated that if com-
bustion time could be reduced from 0.006 to 0,003 second, explosion
pressure ratios could be increased by more than 30 percent and thrust
per pound of alr per second increased by approximately 100 percent.
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INTRODUCTION

The use of engines operating on the constant-volume cycle offers,
at least theoretically, a means of improving the performance of Jet-
propulsion wnits. The constant-volums cycle possesses certain theoret-
ical advantages over the more commonly used constent-pressure cycle,
namely, higher ideal efficiency and output per pound of air handled
por wmit time. Actual performance of a constant-volume jet engine,
however, would depend upon the extent to which constant-volume com-
bustion could be approached and the resulting explosion pressure
developed in the combustion chamber. An investigation of the per-
formance of an explosion-cycle combustion chamber would therefore
serve as an Iindication of the performance that can be expected from
& Jot engine utilizing this cycle.

In the Holzwarth turbine described in reference 1, the prin-
clples of the constant-volume cycle are applled to a large stationary
gas turbine. This engline develops pressure ratios higher than 5 in
its explosion-type combustion chamber. These high pressure ratlos are
obtained by the use of valves in both the inlet and exhaust ports of
the combustion chamber. In order to avoid the complications involved
in the use of exheust valves, the constant-volume oycle can be approx-
imated by use of only an inlet valve and & fixed exit nozzle; the
smeller the nozzle area the more nearly the ldeal cycle is approached.

The results of analytical and experimental investigations con-
ducted at the NACA Cleveland laboratory to determine the performance
of an explosion-cycle combustion chamber with a timed inlet valve
and several fixed-area exhaust nozzles are presented herein. Experi-
mentally determined explosion-pressure ratios, thrust per pound of
ailr, and specific fuel consumption are presented as functlions of fuel-
alr ratio, ratlio of exhaust-nozzle area to combustion-chember cross-
sectional area, cycle frequency, and inlet pressure. These values
are compared with theoretical values obtained from an analysis of an
ideal constant-volume cycle and an approximate constant-volume oycle,
which is also presented.

This analysis is not applicable to a pulse-jet engine of the type
used in the German V-1 bomb. ZFPreliminary analyses of that engine
have been made based on the constant-volume cycle but 1t has deen
shown (reference 2) that such analyses are not in good agreement with
the actual physical phenomena that occur.



€96

ANAT.YSIS

This soction is limited to a dlaocussion of the significance of the derived equatlons,
inaemuch as a complete cyocle analysis is presented in appendix B. (The symbols used are
defined in appendix A.)

An analysis of the general energy equation for the combustion process in an explosion
chamber having a fixed-area exhuast nozzle was made in order to estimate the explosion
temperature and pressure developed. On the baasis of the assumptions given in appendix A,
1t can be shown that the maximum temperature ratio developed during the combustion process
can be obtained from a graphical integration of the following equation:
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Similarly it is poesible to show that the maximum pressure retio and the maximum temperature
ratio developed during the combustion process can be related by the following equation:
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The thrust output per pound of alir flow per unit time obtainod from a comsideration of the
impulse during the oycle is equal to:

3/2

20LT *ON NI VOVN



1/2 1/2 /2
F/wa.I:IV(;‘;WO(y?. ) ("T_%) (%]‘ (%‘)ﬁ o/t (%) 7 (1%)

2+l -1 1/2
2 7
0 Py
+ 7 == ) -1
G’s) Po)

and the thrust specific fuel oomsumption can be shown to equal

tafo = 3800 £/a
B /Wy,

In order to determine the comparative time for combustion, blowdown, and purging of the
combustion cbamber end to estimate the remge of cycle frequencies to be investigated, 1t was
necessary to evaluate the time for one oycle. This time was taken as the sum of the time
intervals required for combustion, blowdown, and purging of the combustlon chamber. Charging
of the ohamber was assumed to ocour simmltaneously with purging. The time for ome oycle can
be shown to equal
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and the calculated cycle frequency then equals
1

In actual operation, cycle frequency was varied over e wide range by varylng the rotative speed
of the inlet valve.

An examination of thesse squations shows that the performance of a combustion chamber of a
Jet-yropulsion engine opereting on the explosion oycle is & funotlon of fuel-air ratio, ratio of
exhaust-nozzle area to combustlon-chamber cross-sectional area, combustlion-chamber length, com-
bustion time, and inlet pressure,

Z0LT °°H L VOUN
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Anelytical and experimsntal data are presented to show how
explosion pressure ratio, thrust per pound of air, and specific
fuel consumption vary with changes in fuel-air ratio, ratio of
nozzle area to combustion-chamber cross-sectional area, cycle fre-
quency, and inlet pressure. The analysis of combustion-chamber
performance was made using an average time of combustion estimated
from pressure-time curves obtained from the engine being investl-
gated. Calculations were also made for two other combustion times
in order to determine the effects of combustion time on the perform-
ance of the unit. )

APPARATUS

petup. - The investigation was conducted on an explosion-
oycle combustion chamber, shown in figures 1 and 2. The test equip-
ment consisted of a stationary 16-inch hub that housed & rotating
ring valve and supported & stationary combustion chamber 2 feet in
length. Radial clearance between the hub and the valve was approx-
imately 0.012 inch. The ring valve acted as the inlet valve to the
combustion chamber and the effective inlet-valve area could be
varied by changing the size of the openings in the ring valve. For
the investigation, the ports in the ring valve were so dimensiomed
that the inlet valve was either partly or fully opened for approxi-
mately 45 percent of the cycle. This value was chosen after theoret-
icel analysis had shown that for the configuration being investigated
the charging or purging period should be approximately SO peorcent of
the total cycle tims. The ring valve was driven by & direct-current
motor; one revolution of the valve corresponded to two cyoles of the
engine. Exhaust gases from the combustion chamber were discharged
through a removable exit nozzle that made it possible to change the
exhaust area by changing exit nozzles.

It was realized that the combustion chamber used for the investl-
gation would have high entrance and exit losses because of the right-
angle turns at the inlet and exhaust sections. (See fig. 2.) This
configuration was used, however, because 1t was readily avallable.

Fuel and ignition systems. - Fuel was intermittently (once per
cycle) injected into the combustion chamber by means of an injection
pump through spring-loaded fuel nozzles. The fuel pump was chain-
driven from the motor shaft. Fuel-injection timing was varied with
respect to inlet-valve closing by the use of a phase changer included
in the fuel-pump drive. Fuel flow was measured by means of a cali-
brated rotemeter upstream of the injection pump. The fuel was injected
into the combustion chamber in & direction counter to the air flow.

963
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Two types of ignition system were used. Continuwous ignition
vas obtalned by direct commection of the spark plug to a 6000~volt
transformer. Intermittent ignition was obtained by placing a circuit
breaker and & capacitor in series with the power supply to the trans-
former. Spark plugs were located in several places on the combustion

chamber in order to determine experimentally the best spark-plug
location.

Thrust measurements. - Exhaust-gas thrust measurements were
made by means of e thrust target and an NACA balanced-diaphragm
torque cell, shown schematically in figure 2. A complete descrip-
tion of the type of thrust target used is given in reference 3.

Induction and exhaust systems. - Combustion air was supplied
to the engine from the central laboratory system. Alr flow was
measured by means of a thin-plate orifice installed in the ocom-
bustion air system according to A.S.M.E. standards.

The exhaust gases discharged into the thrust target and then

were cooled by a water spray before entering the laboratory atmospheric-
exhaust system.

Instrumentation. - Maximum and minimum cycle pressures were
measured with an NACA balanced-diaphragm pressure indicator. Pressure-
time diagrams were obtalned from & link-coupled capacitor-type pres-
sure indicator and a cathode-ray oscilloscope. Combustion-chamber
inlet and exhaust pressures were msasured by means of static-pressure
taps instelled in the inlet surge tank and in the thrust target, res-
pectively. Combustion-alr temperature was measured by an wnshielded
thermocouple located in the inlet surge tank.

FROCEDURE

The effects on engine performance of changes in fuwel-air ratio,
ratlio of exhaust-nozzle area to combustion-chamber cross-gectional
area, Inlet-pressure ratio, and cycle frequency were determined by a
gseries of engline investigations. For each investigation, inlet pres-
sure ratio, cycle frequency, and nozzle area were fixed at constant
values and the fuel flow was varied over a wide range. Before any
date were taken, optimum fuel-injection timing was determined by
varyling the phase-changer setting until the maximum pressure rise
was obtalned. At each experimental point, the msasured thrust was
recorded and maximum and minimum cycle pressures were determined.
Representative photographs were taken of the pressure-time dlagrams
indicated on the oscllloscope screen. The following ranges of con-
ditions were investigated.
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Fuel-airratio.........o......--.0.020-0.074
Cycle frequency, cycles/s6C o « ¢« o e o o o o « o o « + 815 - 40
Inlet pressure ratio « ¢« ¢ o ¢ ¢ ¢ ¢ ¢ o o o o o o & - 1,10 - 1,25
Ratlo of exhaust-nozzle area to

combustion-chamber cross-sectional are& . « « « « o » 1/9 - 1/3

85 frequency of 15 cycles per second was the lowest that could be
Investigated with the apparatus used.

RESULTS AND DISCUSSION
Pressure~Time Diagrams

Variation in cycle pressure as a function of time is shown in
figure 3. A pressure-time dlagram of the theoretical cycle is shown
in figure 3(a) and actual pressure-time curves obtained at various
engine operating conditions are shown in figures 3(b) to 3(d). The
sequence of operations can be readily followed on the ideal pressure-~
time curve. At the time the inlet valve opens, the pressure in the
combustion chamber rises to inlet pressure (point 1). The chamber
pressure then remains constant during the charging pexriod, purging
of the chambex occurring simultanecusly with charging. At the end
of the charging period (point 2), the inlet valve is closed, fuel
is injJected and combustion occurs with a resulting rapid incYease
in pressure (point 3). After combustion the cycle is completed with
blowdown to approximately atmospheric pressure (point 4).

The actual pressure-time diagram deviated from the ideal in
several respects, as can be seen in figures 3(b) to 3(d). At the
time the inlet valve opens in the actual cycle, the pressure in the
chamber rises to some intermedlate value between ambient and inlet
pressures. The actual velue of the chamber pressure will be deter-
mined by the inlet pressure, the ratio of exhaust-nozzle area to
combustion-chamber cross-sectional area, and the cycle frequency.
Charging of the chamber occurs at essentially constant pressure but
at the end of the charging period the pressure in the chamber falls
off as the inlet valve closes. This loss in pressure results in a
lower peak pressure at the end of the combustion process.

In the actual cycle, fuel is added to the chamber during the
last part of the charging period rather than at the end of the
charging period, as is asswred in the ideal cycle. It was found
in the course of the investigation that the combustlon-pressure
rise was extremely sensitive to the timing of the fuel-injection
period. For the experimental configuration used, the maximum
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pressure rise was obtained when the fuel injection began approxi-
mately 20° before inlet closing. It was also found in the investi-
gation that the pressure-time curves were unaltered by a change from
intermittent to continuous ignition. After the engine had been
operating for a short time, spark ignition was no longer necessary
under most operating conditions.

The performance of any wnit operating on the explosion cycle is
dependent upon the pressure rise in the combustion chamber during
the combustion or explosion process. The explosion-pressure rise is
discusgéd on a nondimensional explosion-preesur‘e-ra.tio basis; the
explosion-pressure ratio is the ratio of maximum chamber pressure to
the pressure in the chamber at the end of the charging period. For
the theoretical case, explosion-pressure ratio would be equal to the
ratio of maximum cycle pressure to inlet pressure. In the experi-
mentally determined explosion-pressure ratios, the chamber pressure
at the end of charging was a variable. For the larger nozzles investi-
gated (ratios of exhaust-nozzle area to combustion-chamber cross-
sectional area of 1/4 and 1/3) » ‘the chamber pressure was reduced to
ambient pressure before combustion began. (See fig. 3(d).)

Factors Affecting Explosion-Pressure Ratio

It was shown in the analysis that the explosion-pressure ratio
is a function of combustion time, fuel-air ratio, ratio of exhaust-
nozzle area to combustion-chamber oross-sectional area, inlet pres-
sure, and combustion-chamber length. The effects of these variables
with the exception of combustion-chamber length will be discussed.

Combustion time. - The time for combustion to take place was
estimated from a number of pressure-time diagrams for different
engine conditions. The method by which the combustion time was
determined from each pressure-time curve is shown in figure 4. Com-
bustion time was considered to be the elapsed time between the
beginning of combustion and the time at which peak pressure was
reached. Measured values of combustion time varied from 0.003 to
0.009 second, with values in the region of 0.006 second predominating.
Insufficient date were awvallable to determine the combustion time as
& function of the various engine and operating variables. The value
of 0.006 second was therefore considered to be representative of the
oxperimental data presented. All the combustion-chamber runs were
nmade using 62-octane gasoline., No attempt was made to decrease com-
bustion time by the use of more rapidly burning fuels.
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In obtaining experimental data, combustion time was not investi-
gated as a primary variable. The effects of combustion time on
oxplosion-pressure ratio and over-all performance were therefore
analytically studied. Combustion times of 0, 0.003, and
0.006 sscond were investigated in order to show the effect of
decreasing combustion times below values experimentally obtained.
Theoretical explosion-pressure ratio is shown in figure 5 as &
function of fuel-air ratio for several combustion times and for
three differsnt ratios of exhaust-nozzle area to combustion-chamber
cross-sectional area. The experimental data also presented in thils
figure will be discussed In the following sectlon. The increase in
pexrformance that can be reallzed by decreasing combustion time 1s
indicated in figure 5. As an example of the increase In explosion-
pressure ratio that can be obtained by decreasing combustion time,
figure 5(c) indicates that for a ratio of exhaust-nozzle area to
combustion-chamber cross-sectional area of 1/6, decreasing the com~-
bustion time from the average measured value of 0,006 to 0,003 second
increases the explosion-pressure ratio by approximately 37 percent
over the range of fuel-air ratio studied. This change in explosion-
pressure ratio represents an increase of from approximately 45 to
more than 60 percent of the maximum possible explosion-pressure ratlo
with ideal constant-volume combustion (zero combustion time). Even
greater increases in performance are shown in figures 5(a) and
5(b) for the larger ratios of exhaust-nozzle area to combustion-
chamber cross-sectional arsa.

Fuel-air ratio. - The effects of fuel-air ratlo on explosion-
pressure ratio are shown in figure 5 for both caloulated and experi-
mentally determined date. The calculated explosion-pressure ratio
continually increases with fuel-air ratio over the range investigated,
which is entirely below stolchicmetric fuel-air ratio. The experi-
mental data, however, show an increase and then a decrease in
explosion-pressure ratio with the peak occurring at a fuel-alir ratio
of approximately 0.04 in mos% cases. This peaking of the experimental
data at fuel-air ratios less than stoichiometric is probably due to
the fact that the experimentally determined fuel-air ratlio is based
on the over-all ratio of fuel flow to air flow. The possibility that
varying amownts of fuel and air could escape from the combustlon
chamber during the charging process and the probable stratification
of fuel in the chamber could result in a fuel-air ratio in most of the
effective combustion zone that would be higher than indicated

in figure 5.

Calculated explosion-pressure ratios for a combustion time of
0.006 second veried from approximately 1.7 to 5 depending upon the
ratio of exhaust-nozzle area to combustion-chamber cross-sectional
area and fuel-air ratio; the maximum value occurred at 0.065, which
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is approximately stolchiometric fuel-air ratio. The maximum explosion-
pressure ratio experimentally obtalned was 2.9 at an over-all fuel-
alr ratio of approximately 0.04. Inasmuch as the experimentally
determined explosion-pressure ratlios decreased for richer or leaner
fuel-air ratios, it 1s quite possible that stolichiomstric fuel-air
ratio existed in the combustion zone of the chamber when the over-
all fuel-alr ratlio was only 0.04, A comparison of maximum calculated
and maximum experimental explosion-pressure ratios indicates that in
general the experimental values are considerably lower than the cal-
culated values at a combustion time of 0.006 second. Several possible
explanations exist for this apparent discrepancy between the measured
and calculated values. The decreasge In exploslion-pressure ratlo with
an increase in cycle frequency from 15 to 30 cycles per second is
probably due to a decrease in volumetric efficiency and to contamina-
tion of the fresh charge resulting from incomplete purging of the
chamber and will be considered later in the discussion of cycle
frequency. It was pointed out in the discussion of combustion

time that insufficient data were avallable to determine combustion
time as a function of engine and operating variables. The average
measured value of combustion time used in the calculations may
therefore not be representative over the entire range of fuel-air
ratlos.

Part of the difference between calculated and experimental
explosion-pressure ratios is probably due to the incomplete utili-
zation of the enmergy in the fuel. For the calculated gquantities,
combustion efficiency was assumed to be 100 percent. In the actual
cycle, some unburned fuel may be expelled from the chamber during
the charging process, some fuel may not be burned as a result of poor
mixing, and part of the fuel may be burned during the ‘bdlowdown pro-
cess. All these factors reduce the amount of useful energy obtained
from the fuel. Although it was impossible to determine the magnitude
of each of these factors, it is believed that their combined effect
is sufficiently large to reduce by an appreciable amount the percent-
age of the fuel that is fully utillized.

Ratio of exhaust-nozzle area to combustion-chamber oross-
gectional area. - A cross plot of figure 5 presented in figure 6
shows the theoretical and experimental variation in explosion
pressure with variation in the ratio of exhaust-nozzle area to
combustion-chamber cross-sectional area Aé/A,b at a given fuel-alr

ratio. The calculated curve indicates, that, for a combustion time
of 0.006 second and a fuel-air ratio of 0.04, decreasing the exhaust-
noggzle ares from 1/3 to 1/6 of the cross-sectional area of the com-
bustion chamber will increase the explosion-pressure ratio from 1.8
40 3.8 or more than 100 percent. As can be seen from the experimental
date in figure 6, however, only a smell increase was realized for the
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combustion chamber investigated. This increase was 2.6 to 2.8 and
the explosion pressure appeared to be almost independent of exhaust-

nozzle area. Reasons for not achieving experimentally the improve- -

ment in explosion pressure with decreasing exhaust-nozzle area pre-
dicted from theory are not readily apparent from the data. One
factor that probably affected the results is combustion time. As
Proeviously noted, the experimental combustion time was generelly
about 0.006 second. When the experimental data were higher than
the explosion-pressure data calculated for a combustion time of
0.006, the experimental combustion time was probably less than
0.006 sscond. If this supposition is true, the data indicate that
combustion time was increased by decreasing the reatio of exhaust-
nozzle area to combustion-chamber cross-sectional ares.

Another factor that might prevent an increase in explosion-
presasure ratio with a decrease in Ae/Ab at a glven frequency is

the fact that the tlme for purging or charging of the chamber

relative to total cycle time was fixed by the inlet-valve design.

An analysis of the cycle indicates that the time for purging should

be increased as the nozzle area is decreased. It could therefore

be reasoned that the time for purging, although adequate for the

large exhaust nozzles, was too short for the smaller nozzle. This

inadequate purging time would result in a dilution of the fresh

charge and could lower combustion-pressure rise. .

Cycle frequency. - A representative experimental curve of the
change in explosion-pressure ratio with changes in cycle frequency
is shown In figure 7. The rapid decrease in explosion-pressure ratlo
with increasing cycle frequency (from a value of 2.90 at 15 cps to
1.80 at 40 cps) is probably caused by & lower weight of air flow per
cycle and poorer combustion at the higher frequencies. It was found
in the investigation that as the cycle frequency Increased the com-~
bustion process approached steady burning. For each of the exhaust
nozzles investigated, there was some value of cycle frequency (this
value increased as nozzle area increased), determined by the inlet
pressure and fuel-air ratio, above which it was impossible to main-
tain intermittent combustion.

For a given inlet pressure and ratio of exhaust-nozzle area to
cambustion-chamber cross-sectional area, the cyclic flow to the com-
bustion chamber decreased as the frequency increased. Figure 8 shows
this change in weight flow on the basis of volumstric efficlency,
defined here as the ratio of alr supplied to the combustion chamber
per cycle divided by the volume of the combustion chamber, over the
same range of frequencles and for the same nozzle size presented in
figure 7. This smaller mass of alr results in less pressure rise
during the combustion process, as has already be indicated in fig-
urs 7.

963
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Inlet-pressure ratio. - Inlet-pressure ratio is defined as the
ratlo of the pressure at the inlet valve to amblent pressure.
Experimentally determined exploslion-pressure ratios are shown in
figure 9 as a function of fuel-air ratio for three inlet-pressure
ratios. An exemination of this figure indicates that the explosion-
pregsure ratio increases with an Increase in inlet-pressure ratio.
At a fuel-air ratio of 0.04 and an A,/A, of 1/6, explosion-pressure
ratio increased from 2.0 at an inlet-pressure ratio of 1.10 to 2.62
at an inlet-pressure ratio of 1.25.

Thrust and Specific Fuel Consumption

The Jet thrust per pound of alr handled per unit time and the
fuel economy of the combustion chamber are shown in figures 10 and
11, respectively, for the calculated and experimentel data.

Thrust. - Calculated and experimentally determined values of
Jet thrust per pound of air handled per unit time are shown in fig-
ure 10 for three ratios of exhaust-nozzle area to combustion-chamber
cross-sectional area, and for two cycle frequencies. The theoretical
calculations indicate that the amount of thrust per pound of air for
a combustion time of 0.006 second (the experimentally determined
average combustion time) would vary between 14 and 46 pounds per pound
of air per second depending upon Ae/Ab and the fuel-air ratio, the

highest value occurring &t the smallest nozzle ratio (1/6) and stoi-
chiometric fuel-air ratio (fig. 10(c)). Decreasing the combustion
time to 0.003 second increased the thrust values to a range between
28 and 80 pounds per pound of air per second for the same range of
fuel-air ratios and the same exhaust-nozzle areas. This change in
thrust represents an increase in jet thrust of almost 100 percent.
Maximun possible jJet thrust for ideal constant-volume combustion
(zero combustion time) ranged from 62 to 185 pounds per pound of

alr per second with the highest value at a fuel-air ratio of 0.065. -

Experimentally determined values of Jjet thrust varied between
25 and 35 pounds per pound of air per second, depending on the ratio
of exhaust-nozzle area to combustion-chamber cross-sectional area
and fuel-air ratio. OFf the three ratios of exhaust-nozzle area to
combustion-chamber-cross-sectional area investigated, the best per-

formance was obtained with the ratio of 1/4 (thrust of 34 1b/(1b air)(sec)

at a fuel-air ratio of 0.045).

Specific fuel consumption. - Calculated and experimentally
determined values of thrust specific fuel consumption for three
ratios of exbaust-nozzle area to combustion-chamber cross-sectional
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area at two cycle frequencies are presented over a range of fuel-
air ratios in figure 11. For & combustion time of 0.006 second,
calculated values of specific fuel consumption ranged from approx-
imately 2.5 pounds of fuel per hour per pound of thrust at & fuel-
alr ratio of 0.02 to 5.0 pounds of fuel per hour per pound of
thrust at a fuel-air ratio of 0.065 for an A./A; of 1/6

(fig. 11(c)). As the nozzle area increased, the specific fuel
consumption also increased so that for an area ratio of 1/3

(fig. 11(a)) and a fuel-air ratio of 0.065, calculated specific
fuel consumption increased to more than 10 pounds of fuel per houwr
por pound of thrust. Decreasing the combustion time from 0.006 to
0.003 second would in all cases reduce the thrust specific fuel
consumption by more than 50 percent. As an indication of the

lower limit of the specific fuel consumption, a curve of specific
fuel consumption for the ildeal constant volume cycle (zero combus-
tion time) is also included in figure 1l1. These values range from
1.13 to 1.35 depending on fuel-air ratio. IXExperimentally determined
thrust specific fuel consumption ranged from 3.9 pounds of fuel per
hour per pound of thrust at the low fuel-air ratios to approximately
9 pounds at the highest fuel-air ratio and largest exhaust nozzle
investigated. Minimum fuel consumption occurred for an A,/A,

of 1/4 and a fuel-air ratio of approximately 0.035 (fig. 11(b)).

Applications of Explosion-Cycle Combustion Chamber

One simple epplication of the combustion chamber described
would be to & jet-propulsion engine consisting of an inlet diffuser
and timed inlet valve, an explosion-cycle combustion chamber, and a
fixed-aree exit nozzle. The range of usefulness of such an engine
could be determined by & comparison with the resonent pulse-jet and
steady-flow ram-jet engines. The values of thrust per pound of air
and gpecific fuel consumption reported can be compared with pulse-
Jot data presented in reference 4. The calculated values presented
indicate that greater thrusts per pound of alr than those obtalned
in the pulse -Jet engine are obtalnable at considerably lower specific
fuel consumption. The experimental date presented, however, gave
values of thrust per pound of alr that were approximately only
50 percent of that obtained on the pulse Jet and the minimum specific
fuel consumption was also 20 percent greater than that obtained on
the pulse-jet engine. These values Indicate that on a theoretical
basis this engine is capable of competing with the pulse-Jjet engine.

Because the explosion-cycle jet engine discussed herein can develop

considerably higher thrusts than the ram Jet at low velocities, it
might therefore be used to supplement a ram-jet engine. A4 low flight

963
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velocities, it would operate on the explosion cycle and take advan-
tage of the inoreessed thrust obtainable from this type of operation.
At higher flight speeds, the inlet valve could be locked in an open
position or discarded entirely and the unit would then operate as an
ordinary ram jet. In this way, the high thrusts that can be obtained
at high flight velocities by the ram Jot would be utilized.

Another application of the explosion-cycle combustion chamber
would be to a turbojet engine consisting of a compressor, explosion-
cycle combustion chamber, turbine, and exhaust nozzle. An engine of
this type would be somewhat similar to the Holzwarth turbine but

would not be provided wilth combustion-chamber exhaust valves as in
the Holzwarth turbine.

SUMMARY OF RESULTS

The following results were obtalned from an analytical and
experimental investigation of an explosion-cycle combustion chamber
for a jJet-propulsion engine.

1. For the configuration investigated, combustion time varied
between 0.003 end 0.009 second wlith values in the vicinity of 0.006
being most predominent.

2. Explosion-pressure ratios calculated on the basls of a com-
bustion time of 0.006 second ranged from approximately l.7 to 5.0
depending upon the ratio of exhaust-nozzle area to combustion-chamber
cross-sectional area A,/A; and fuel-air ratio with the highest value

occurring at approximately stoichiometric fuel-eir ratio. The highest
explosion-pressure ratio obtalned experimentally was 2.9 at an over-
all fuel-air ratio of approximately 0.04. Explosion-pressure ratlo
decreased for richer or leaner fuel-air ratios.

3. Calculations indicated that if the combustion time could be
reduced from 0.006 to 0.003 second, explosion-pressure ratios could
be increased by approximately 37 percent over the range of conditions
investigated.

4. Theoretical calculations indicated that the explosion-pressure
ratio varied with changes in the ratio of exhaust-nozzle aree to
combustion-chamber cross-sectional area. At a fuel-air ratio of 0.04,
the calculations indicated that the explosion-pressure ratio could 'be
increased fram 1.8 to 3.8 by decreasing A,/A, from 1/3 to 1/6.
Experimentally determined explosion-pressure ratios, however, were
practically independent of changes in A, /A;, varying only from 2.6
to 2.8 over the same range of nozzle sizes.
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5. Explosion-pressure ratios that were experimentally determined
rapidly decreased with an increase in cycle freguency and increased
with an increase in inlet-pressure ratio. At a fuel-air ratio of 0.04
end a ratio of exhaust-nozzle area to combustion-chamber cross-
sectional area of 1/6, explosion-pressure ratio decreased from 2.90
at 15 cycles per second to 1.8 at 40 cycles per second. For the
same fuel-alr ratio and Ae/Ab, explosion-pressure ratio increased
from 2.0 at an inlet-pressure ratio of 1.10 to 2.62 at an inlet-
pressure ratio of 1.25.

6. Theoretical calculations indicated that the jet thrust for a
combustion time of 0.006 second would vary from 14 to 46 pounds per
pound of air per second with the highest value at a fuel-air ratio
of 0.065 and the smallest ratio of exhaust-nozzle area to combustion-
chamber cross-sectional area (A /Ay, 1/6). Measured values of thrust for
the same range of conditions varied from 25 to 35 pounds per pound of
air per second with the highest values occurring for an Ay /A, of 1/4,
and at an over-all fuel-air ratio of 0.045.

7. For a combustion time of 0.006 second, calculated values of
specific fuel consumption varied from 2.5 pounds of fuel per hour
per pound of thrust to more then 10 pounds, depending upon the fuel-~
air ratio and nozzle size. Experimental values of thrust specific
fuel consumption ranged from approximately 4 to 9 pounds per hour
over the same range of conditions, with the minimum value ocourring
at an Ae/Ab of 1/4 and an over-all fuel-alr ratio of 0.035.

8. Calculated values indicated that reducing the combustion time
from 0.006 to 0.003 second would result in an increase of Jet thrust
of approximately 100 percent and a reductlon in specific fuel con-~
sumption of more than S50 percent over the range of conditions investli-
gated.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeromautics,
Cleveland, Ohio, June 4, 1948.
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' APPENDIX A
SIMBOLS

cross-sectional area of combustion chamber, (sq £t)
area of exhaust nozzle, (sq £t)
specific heat at constant pressure, (Btu/(1b)(°F))
specific heat at constant volums, (Btu/(1b)(°F))
Jet thrust, (1b)
fuel-alr ratio
acceleration of gravity, (ft/sec?)
heating value of fuel, (Btu/lb)
total impulse, (1lb-sec)
impulse during blowdown, (1lb-sec)
impulse during purging, (lb-sec)
mechanical equivalent of heat, (£t-1b/Btu)
combustion-chamber length, (£t)

mass flow of gas out of combustion chamber at any instant,
(s1ugs/sec)

mags of gas in combustion chamber at any instant, (slugs)
cycie frequency

pressure in combustion chamber at any instant, (1b/sq £t)
ambient pressure, (1lb/sq £t)

gas constant, (£t-1b/(1b)(°R)

temperature of gas in combustion chamber at any instant, (°R)
ambient temperature, (°R)

time, (sec)
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tg Dblowdown time, (sec)

t, combustion tims, (sec)

t, cyocle tims, (sec)

'bp purging time, (sec)

U  jJet velocity, (£t/sec)

Uy Jet velocity during blowdown, (£t/sec)

U, Jet velocity during purging, (£+/sec)

Vv  volume of combustion chamber, (cu ft)

v specific volume of gases in combustion chamber at any instent
(ou £4/s1lug)

W, weight of air, (1b/cycle)

We weight of fuel, (1b/cycle)

V4 ratlo of specific heats

p  density of gas in combustion chamber at any instant, (slugs/cu f£t)
Subscripts:

1 beginning of charging or purging period

2 end of charging or purging period

3 end of combustion process
4

end of blowdown peried

¢r critical

e exhaust-nozzle throat
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APPENDIX B
ANALYSIS OF CYCLE

The cycle upon which the analysis is based is illustrated in the
following diegrams:

3
A
I
|
|
I

Pregsure, P

Pressure, P

Time, t Specific volume, v

In both diagrams, the actual cycle is shown by the solid line
and the ldeal explosion cycle by the dashed line. The sequence of
operation is as follows: Blowdown from the maximum conditions of
temperature and pressure to atmospheric pressure occurs from
points 3 to 4; at point 4 the inlet valve opens and the residual
geses are then compressed from points 4 to 1 by the inlet pressurs;
charging and purging occur simultaneously at constant pressure from

voints 1 to 2, and the cycle is completed with combustion from
points 2 to 3,

Explosion-Pressure Ratlo

Explosion-pressure and temporature ratios were obtained in the
following manner. The general energy equation for any combustion
process can be written in the following form (reference S).

W(Bpp-Ep1) + - +Q+WE =Wk (12)
Where
W welght of mixturs, 1lb

Em, 1 molecular energy of mixture before combustion, Btu/1b mixture
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E, , molecular energy of mixture after combustion, Btu/lb mixture
)

E  mechanical energy departing from system, £t-1b/lb mixture

Q energy emltted from system .as heat during combustion, Bbtu

E, residual energy in mixture due to incomplete combustion of fuel,
Btu/1b mixture

The other symbols are defined in appendix A.
If the Tollowing assumptions are made
(1) complete combustion
(2) no heat loss during combustion process
(3) change in molecular energy equal to change in internal emergy
(4) constant specific heat during combustion
(5) volumetric efficiency of chamber equal to 100 percent

equation (1a) can be written
WE
w Ov AT + -5.—' = Wf h

or in differential form

dT W dE d W
chag+35€—h——idt (1v)

If the following substitutions are made in equation (1b)

R

C. =
v {7-1)7
W=W, (L+%/a)
g = &
8
P dv _ BT dv
gdt v dt

963
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and it is assumed that the fuel is consumed at a constant rate

de Wf
T’ T

then equation (1b) can be written

aT Tdv _J f/a h
wtr(7-Vyg=x0- l)ﬁa_-:-thc (1)

A more convenient form for equation (lc) can be obtained by dividing
by T,5 then

az/z, T\14 h
w® *r- (qg)v‘az ar ( 1)(T)<fa+1)t— (14)

The change in specific volume of the gas can be determined from

dv:d(%):Vdin.
m2

Ifm=pVanddm=peAeUBdt

" the following equations:

then

it = "m [}

dv 4 Up (Eg)
The change in specific volume during the combustlion period can be most
readily determined by assuming that critical conditions exist at the
nozzle throat for the entire combustion process. During the actual
combustion process, the pressure at the exhaust nozzle of the chamber
will rise from eambient to critical. The agssumption that critical con-
ditions exist for the entire period will therefore tend to give con-
servative values of explosion-temperature and pressure ratio. For
critical pressure at the nozzle throat

1/2
Ty = (272 ? T




and -.];..

Pe . 2 \7-1
p \7r+1

The change in gpecific volume with resgpect to time divided by the specific volume can now be

written
1
Lay Ao 1 [ 2 NI\ 1/2 (212 f2y gru\1/2
eRtf @) W 5 g

The geneyal energy edquation for the ocmbustion process can now be written

i, 1
oo @ ey 0 B @R

(3a)
r\Ts/Tz . (rlz ) o
J o\ £ h Ag 7 8RT e 3/21'21/2 ’%Tn N
| R0 069 R >
1
(3b)
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Equation (3b) was integrated graphically in order to obtain the temper-
ature ratio developed during the combustion process. In the evaluation
of equation (3b), those quantities that do not vary with time can be
grouped together to give the following equation

r\Ts/Tz

T
Qi
02

s o) () 6) @)
- o) 6) B @)

From the general gas law it can be shown that

%

where

dv _ &P _ 4T

b m— 2 e

v P T

If dv 1is replaced by its equivalent value given in equation (2), then

SR GOICI MM MR

And if dt 1is replaced by its equivalent value given in equation (3a),
the preceding equatlion can be written




(4)

Equation (5) can be most readily evaluated by graphical inmtegration to give ths explosion
pressure developed during the oombustion process.

20LT *ON NI VDOVE
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The explosion-pressure ratio for ideal constant-volume com-
bustion can be obtained if it is assumed that combustion time is
instantaneous. Equation (5) then reduces to

Ps Ts
Py T Ty

Explosion-~-temperature ratio can be calculated from the following
equation if the heat requlired to railse the temperature of the fuel
to the final temperature of the mixture is neglected:

Wy op (T3 - T,) =h W,

Tz
o, T, (.,-,2—)- 1 =hffa

;_52____ h:t’a.m2 +1
v To @;)
and
Foo -0 =(r-1o,
then

s ngfag(y-1), .
T2 g 2
% (&

Thrust

The thrust output can be obtained from a consideration of the
impulse during the blowdown and charging periods. If the mass flow
out of the combustion chamber at any instant is equal to M, and

if 1t 1s assumed that the theoretically correct nozzle is used, then
the instantaneous Jet thrust during blowdown is equal to
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F=MU:B

The outflow from the chamber is equal to the rate of change in the
total mass of gas in the chamber with respect to time.

dm
M=%
and
=g A
F=Up g%

The total impulse during the blowdown period is equal to

IB=J\F§t=J\UBm (6)

The mags of gas in the chamber at any instant is squal to

m = pV
and from the adiabatic relation 1
P\?7
amn (£)

Differentiating the preceding equation with respect to pressure ratlo
glves

L-7

7
@ o

The Jet wvelocity can be written as

T a7
- (28 7 0, 1)/ (1,13) - @,—g} (8)



Equation (6) cen now be written

yel 17]1/2
=—-wsaopmﬂ”\J%j J CJ 6@3 (¢)
Equation (9) 1s more useful in the following form:
* 1- -1 -1 [L/2
RO RN, 0787 ®7] @ e

Total impulse during blowdown was caloulated by graphically integrating equation (10).
The impulse during the purging period is equal to

Ian,‘Fd‘b

dm
F=U 3%

If it 1s assumed that the exhaust gases are purged at constant pressurs and without mixing with
the fresh charge, the welooity of the exhaust gas during purging is constant and i1s equal to
=L
1/2
1/2 o\ 7
={(284d P l - (=
UP ( 8 Op l) (;)

end the instantaneous Jet thrust equals

2

20LT °“ON NI VDVH
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The quantlty of exhaust gas expelled from the chamber during the
purging period is equal to

VB
dm = m, = SRT4
The impulse during purging is now egual to
2L
RV 1/2 ﬁ,?lk

Egquation (11a) can be written in the following form
1/2 z-1 1/2

I, = 27 (.2.1) (Tz) (;)27(> S1] )

The sum of the lmpulses during the blowdown and purging perlods
will be considered as the total impulse for the cycle. Total impulse
therefore equals the sum of equations (10) and (11lb)

I=Iy+1I,

the average thrust for the cycle will equal

I
F===nl
Ty
and the weight of alr flow per unlt time equals
Waaanzg
By use of the general gas law

;ﬂm

!Wmak )
" 7T, \Bp\Ty

a

can



J0o

Thyrust per pound of air per unit time is equal to

1 1-7 2=l =L

% ] @ (7 ? 1)1/2(;_2)1/2(%1/2 (i—: )

7+l 7-1 1/2
0\ 27 |0\ 7
+ yis— = -1
The thrust specific fuel consumption is equal to

3600 f/e

F/Wy

efc =

Cycle Time

The total time for cne cyole 1s equal to the sum of the-combustion, blowdown, and purging or
charging times. The blowdown time is the sum of the time required to blowdown from maximum to
oritical temperature and pressure, plus the time required to blowdown from critical pressure to

atmospherioc pressure.

The obenge in the mass of exhaust gas in the combustion chamber can be written in the
following form:
dm = py Ay Up 4% (12a)

20LT °*OX R VOVE
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When pressure and temperature in the chamber are above the
oritical values, the following relations hold

=4 7%e
U o
Z
PQ 2 7‘1
T (7 T ])
1

Po [ 2 =

By substituting the preceding expressions in equation (12a) the following

equation is obtained:
% + 1
2 2 7‘1

By using the adiabatic relation between pressure and density,
equation (12b) can be written

55 / 1/2
dn = &g (7 2 l)i%m (7)1 2 Ps (;%)1 7(1-1%) Py at

+1 Liy
dm = A (7 T l) (7 Py 03)1/2 (;g) dt (12a)

It has already been shown (equation (7)) that the change in mass is
equal to
e 4

When equations (7) and (12¢) are equated



+ 1 1-37
B (y 41 70 1 e\ 27 /2
dt = A: (ZL) W (PPS) d(Ps) (15)

20LT °*ON NI VOVE

Equation (13) can be written in ‘the following more convenient form:

Ap +127:1l 1 1/21:1%37-'2 P-
WEEYT @7

Integrating glvea

'(i‘ll)(x)(’%—l)ﬁm(i { (i“”) 1 () u

Critlcal pressure in the chamber can be related to atmospheric pressure by the following equation: i



=y
Por = B (:'-g-i) s
Rewriting equation (14b) gives
7 + 1
oz " ( ) (7ere,) /2 ( ) (Ts> 2 (E) (7 + 1) - (340)

EBquation (14c) can be used to caloulate the time required to blowdown from maximm pressure to
oritical pressure.

The time to dlowdown from oritical to atmospheric pressure can be determined in the
following mammer: For flow below ocritical pressure, the ohange in mess (equations (8) and

(12a)) 18 equal to
li 1/2
tn = p, 4, (2870 %) /2 (u) ( 8t (150)

For flow below oritical, the following relatlons holds

zglla' i(.’ﬁlh
pO=p3P3 HBEI'S P5

=3

et (23 )

20LT °OH NI VDVN



When these relations are substituted iIn equation (15a) s the followlng equaticn ls obtalned:

3, 1/e

L pid

Equation (7) can be rewritten for suberitical flow as

l._z
1 P\ 7 P
dnn;;mor@ d@

Baquation (16a) can be rewritten in the following form:

HER® @

Eguating equations (1Sb) and (16b) gives

o () e (B T )

- v

B "o

(151)

(16b)

SOLT °ON NI VOVN
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Integrating gives 7 £

N
2 2
Fort ® Ae)«/_ (m 1/2(1,3) i )1/2 7 @ Ld(r ) 7 ()
B -
J1 )

The integral of equation (17) can be very readily eveluated by graphical integretion. The blowdown
time ty 1s equal to the sum of tB-or and tor-!.'

Time required to purge the combustion chamber may be caloulated by considering the gas
miningintheolnmbarattheendofthablawdwnperiod

YBo
m‘ - ﬁ‘- (18)
= Pg 45 Uty (19)

By equating eguations (18) and (19) end using the gas laws, the following equation can be
obbtained:

yd 3 -1/2

B @0 R

|
d
20LT "ON NI VOVN




\ LY
O If to is the time during which combustion ocomrs, then the total oycle time is equal to

=~

=
2

3 il
Py
NF
1=
'—l
~
| P |

\ + b

B +1;{T P -1 1;
Sy o) ﬁ"-l}/
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A

(a) Front view.

Figure 1. - Setup of explosion-cycle combustion chauber.
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(b) Side view.

Figure 1. - Concluded. Setup of explosion-cyc

1e combustion chamber.
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0 exhaust systenm

Balance weights:

[0

(a) Front view.

Figure 2. - Details of explosion-cycle combustion chamber and auxiliary equipment.
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Figure 3. - Typical pressure-time diagrams for several retios of exhaust-nozzle area to
combustion-chemwber cross-ssctional area Ag/Ap. (For explanation of mumber stations

in fig. 3(a) see appendix A.)
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Figure 4. - Enlarged photogreph of pressure-time disgrem showing method of estimating com=-
bustion time. Frequency, 15 cycles per second.
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(a) Ratio of exhaustenozzle area to eombustion-
chamber cross-sectional area Ae/Ab’ 1/3.

Figure 5. - Comparison of experimentally determined values of
explosion-pressure ratio with calculated values for range of
fuel-air ratios and for several ratios of exhaust-nozzle area
to combustion-chamber cross-sectional area. Inlet-pressure
ratio, 1l.2.
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(b) Ratio of exhauste-nozzle area to combustion=
chamber cross-sectional area A4,/Ay, 1/h.

Figure 5. - Continued. Comparison of experimentally
determined values of explosion-pressure ratio with
calculated values for range of fuel-alr ratios and
for several ratios of exhaust-nozzle area to combustion-
chamber cross-sectional area. Inlet-pressure ratio, 1l.2.
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(¢) Ratio of exhaust=nozzle area to combustion-
chamber eross-sectional area Ae/hb, 1/6.

Figure 5. - Concluded. Comparison of experimentally
determined values of explosion-pressure ratio with
caleculated values for range of fuel-alr ratios and
for several ratios of exhaust-nozzle area to
combustion-chamber cross-sectional area. Inlet-
pressure ratio, l.2.
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Figure 6. - Effect of ratlo of exhaust-nozzle area
to combustion-chamber cross-sectional area on
explosion-pressure ratio. Inlet-pressure ratio,
1.2; fuel-alr ratio, 0.0L; cycle frequency, 15
cycles per second.
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Figure 7. « Effect of cycle frequency on explosion-
pressure ratio., Ratio of exhaust-nozzle area to

combustion-chamber cross-sectional area, 1/6; fuel-
air ratio, 0.0l4; inlet-pressure ratio, 1l.2.
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Figure 9. - Effect of inlet-pressure ratio on
explosion-pressure ratio. Ratio of exhaust-
nozzle area to combustion-chamber cross-
sectional area, 1/6; cycle frequency, 20
cycles per second.
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(a) Ratio of exhaust-nozzle area to combustion=-
chanber cross-sectional area Ag/Ap, 1/3.

Figure 10. - Variation of experimental and calculated Jet thrust
per pound of air with fuel-alr ratio for several ratios of
exhaust-nozzle area to combustion-chamber cross-sectional area.
Inlet-pressure ratio, l.2.
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(b) Ratio of exhaust-nozzle area to combustion=
chamber cross-sectional area Ag/Ap, 1/4e.

Figure 10. - Continued. Variation of experimental and
calculated jet thrust per pound of alr with fuel-alr
ratlio for several ratios of exhaust-nozzle area to
combustion-chamber cross-sectional area. Inlet~
pressure ratio, l.2. -
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Variation of experimental and

calculated jet thrust per pound of alr with fuel-air
ratio for several ratios of exhaust-nozzle area to
combustion-chamber cross-sectional area. Inlet-
pressure ratio, l.2.
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(a) Ratio of exhaust-nozzle area to combustion-
chamber cross-sectional area Ag/Ap, 1/3.

Figure 1l. Variation of experimental and calculated thrust specific
fuel consumption with fuel-air ratio for several ratios of exhaust-
nozzle area to combustion-chamber cross-sectional area. Inlet-
pressure ratio, 1l.2.
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(b) Ratio of exhaust-nogzle area to combustione
chamber cross-sectional area Ag/Ay, 1/ke

Figure 11. - Continued., Variation of experimental and
calculated thrust specific fuel consumption with fuel-
air ratlio for several ratios of exhaust-nozzle area to
combustion-chamber cross-sectional area. Inlet-
pressure ratio, l.2.
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(c) Ratio of exhaust-nozzle area to combustion-
chamber cross-sectional area Ag/Ap, 1/6.

Figure 11. - Concluded, Variation of experimental and
calculated thrust specific fuel consumption with fuel-
air ratio for several ratlios of exhaust-nozzle area to
combus tion-chamber cross-sectional area. Inlet-
pressure ratio, l.2.

NACA-Langley - 5-7-53 - 180

59




